A reação de hidroteluração de alquinos é revisada. A transformação de teluretos vinílicos em organometálicos vinílicos reativos e as reações de acoplamento de teluretos vinílicos com alquinos e organometálicos são apresentadas.
Introduction
The hydrometallation of alkynes is the most widely used route to vinylorganometallics, which in turn are valuable in the construction of molecular structures containing carboncarbon double bonds of defined stereochemistry. A number of metal hydrides can participate in this process. However, a few have found use in organic synthesis. The most common hydrometallation reactions involve hydrides of boron 1 , aluminium 1c,2 , zirconium 1c, 3 and tin 1c, 4 . The regio-and stereochemistry of the hydrometallation process depend on the reaction conditions, as well as on the structure of the metal hydride and on the substrate. Usually the reaction displays cis-stereoselectivity giving E-organometallics. However isomerization occurs very often leading to mixtures of Z and E vinyl organometallics. The accepted general mechanism for the hydrometallation reaction involves the initial coordination of the alkyne to a vacant orbital of the metal, followed by insertion of the hydrogen-metal bond to a p bond of the alkyne (Scheme 1).
The regiochemistry of the hydrometallation depends on the alkyne structure and on the nature of the substituents. The reaction is often performed under transition metal catalysis. Some substituents (Si, S, P) direct the metal to the carbon atom linked to them, other (O, N) direct the metal to the b carbon, which is more electron rich and finally, when the alkyne is terminal, mixture of regioisomers can be formed depending on the nature of the R group (Scheme 2). In this last case, the regioisomer with the metal linked to the less substituted carbon atom of the double bond predominates.
In synthetic organic chemistry, the obtained metaloolefins are used for carbon-carbon bond formation exploring the peculiar reactivity of each organometalic, usually making use of palladium catalysts. The most widely used reactions of this type are the Stille (Sn) 5 and the Suzuki (B) 5b,c,6 couplings. Alternatively, the vinylorganometallics are transformed into reactive intermediates, usually vinyllithium and vinylcopper species, which are reacted with a wide range of organic functional groups according to the well established chemistry of organolithium 7 and organocopper 8 reagents (Scheme 3).
Hydrotelluration of Alkynes
As mentioned in the title of this article, the hydrotelluration of alkynes is unique. Contrary to the cis nature of the addition observed for all the other hydrometallation reactions, the hydrotelluration is anti, leading to Z-vinylic tellurides, which differently of the vinylorganometallics commented in the introduction, are stereochemically stable. No isomerization of the products of the hydrotelluration of alkynes was reported to date. The hydrotelluration is similar to the hydroselenation 9 in terms of the steric course, but differs in the stability of the products. Vinylic selenides isomerize easily, giving mixtures of Z and E olefins 10 , what is opposed to the stereochemical stability of the tellurides. Another remarkable difference between hydroselenation and hydrotelluration lays in the stability of selenols and tellurols. Organoselenols, in spite of their evil smell and the high sensitivity to air oxidation, can be isolated and used for preparative purposes. Organotellurols are too unstable to be isolated. Only sterically hindered tellurols can be isolated 11 . In view of the instability of the organotellurols, the hydrotelluration of alkynes is performed using in situ generated organotelurols. The hydrotellurating system is prepared by reacting a diorganoditelluride with sodium borohydride in ethanol 12 . The reduction of the diorganoditelluride can be easily visualized, since the initial solution is dark red. The addition of sodium borohydride to the diorganoditelluride solution leads to the decolorization of the solution with gas evolution. The end of the reduction reaction is indicated by the formation of a colorless solution. The nature of the hydrotellurating agent was never determined and some authors represent it as RTeNa. In view of the protic nature of the solvent, an equilibrium between ionic species present in solution and the solvent can occur, giving rise to a telurol.
However, since the nature of the species present in the ethanolic solution was not yet determined, it seems to be more correct to indicate the hydrotellurating agent as (R 2 Te) 2 /NaBH 4 (Equation 1).
(
This is a very practical method to prepare vinylic tellurides in good yields, provided oxygen is excluded from the reaction medium, since oxygen rapidly transforms the hydrotellurating agent into diorganoditelluride, what is indicated by the fast change of the color of the solution from colorless to dark red when air is accidentally introduced in the reaction flask. The only serious drawback of this procedure is when dibutylditelluride is employed as the source of the tellurol, since this reagent is not commercially available and is a very bad smelling compound. A method to generate the hydrotellurating agent which circumvents this problem was recently introduced 13 . This method consists of the insertion of elemental tellurium into a carbon-lithium bond, followed by addition of a proton source such as ethanol or water in stoichiometric amounts. The reaction is performed in deoxygenated tetrahydrofuran under a nitrogen atmosphere. Reaction with the appropriate alkyne gives the vinylic telluride with similar yields to the ones obtained by the ditelluride / sodium borohydride method (Scheme 4).
An interesting variation of this method consists of its intramolecular version, leading to cyclic tellurides 14 (Scheme 5).
For practical reasons, this method will tend to replace the traditional one involving the system diorganoditelluride / sodium borohydride. Bis-vinylic tellurides can be prepared by reacting monosubstituted alkynes with a hydrotellurating system prepared from elemental tellurium and sodium borohydride in a mixture of ethanol / aqueous sodium hydroxide 15 . The stereochemistry of the resulting vinylic tellurides is also Z (Equation 2).
(2)
Experimentally this reaction is more troublesome than the hydrotelluration using organotellurium species, because a two phase system is formed, that makes it difficult to control the reaction time.
To date a number of vinylic tellurides were prepared by the methods described above. In the following sections we will comment on the influence of the substrate structure on the yields and regiochemistry of the reaction.
Monosubstituted Arylalkynes
Several vinylic tellurides were prepared starting from monosubstituted arylalkynes. The yields are usually high and the reports in the literature mention that the stereochemistry of the product is 100% Z. In the same way, only the formation of 1,2-disubstituted vinylic tellurides is reported. The products are almost odorless, crystalline solids or dense pale yellow oils, which can be manipulated for short periods in the presence of the air and indoor light. In addition, these compounds can be recrystalized or chromatographed with no perceptible decomposition. After long standing under refrigeration in the dark, no decomposition or isomerization was observed. However, long exposure to the indoor light leads to the darkening of the products. Another precaution to avoid decomposition is to evaporate the solutions to dryness immediately after the isolation or chromatographic purification, since the compounds in solution are prone to air oxidation. In this way, it is advisable to keep vinylic tellurides protected from light and air. These general comments are valid for the other classes of vinylic tellurides discussed in the forthcoming sections.
In Table 1 are given the structures and yields of the vinylic tellurides prepared from monosubstituted arylalkynes.
Monosubstituted Alkynes Conjugated to a Carbon-Carbon Double Bond
Alkynes conjugated to double bonds are hydrotellurated in a way similar to arylalkynes ( Table 2 ). The reaction with this class of alkynes is important, since it gives rise to conjugated double bonds of defined stereochemistry. In view of the easy access to enynes of defined stereochemistry 22 , Z,Z-or E,Z-vinylic tellurides can be obtained, as illustrated in Scheme 6.
In view of the easy transformation of vinylic tellurides into reactive vinylorganometallics (see forthcoming sections), the structures shown in scheme 6 are valuable bifunctional synthons of conjugated olefins (Scheme 7).
As can be observed in Table 2 , only one example of hydrotelluration reaction involving a disubstituted alkyne conjugated to a double bond was reported to date (entry 4, Table 2 ).
Alkynes Conjugated to Triple Bonds
Alkynes conjugated to a triple bond are very reactive systems towards hydrotelluration. The reaction occurs in a shorter reaction time when compared to the reactions with the systems commented above. In this case even disubstituted triple bonds give vinylic tellurides in good yields as shown in Table 3 . In the case of nonsymmetrical diynes, an order of reactivity was established for the hydrotelluration of triple bonds of the enyne system (terminal > propargylic > alkyl substituted > aryl substituted) 25 . This order of reactivity is reflected in the preferential formation of the vinylic tellurides shown in Scheme 8. 
Alkynes Bearing Electron Stabilizing Groups
The hydrotelluration reaction of alkynes bearing keto or ester groups were among the first to be studied 12a . Recently, a number of reports dealing with the hydrotelluration of alkynes bearing electron stabilizing groups appeared in the literature (Scheme 9). All systems reported to date give the Z vinylic telluride, with the tellurium moiety linked to the b-carbon. Several examples of the successful hydrotelluration of internal alkynes of this type were reported (Table 4) .
Alkylalkynes
Alkylalkynes are hydrotellurated giving mixture of regioisomers. The Z-1,2-disubstituted vinylic tellurides predominate 12b,c . Internal alkynes of this type do not react. Alkylalkynes substituted by an oxygen or nitrogen on carbon 3 also give mixture of regioisomers, but in this case the Z-1,2-disubstituted isomer predominates. On the other hand, secondary or tertiary propargyl alcohols are hydrotellurated to give predominantly Z-1,2-disubstituted vinylic tellurides 28 . Recently, we observed that propargyl alcohol protected by the terc-butyldimethylsilyl group gives almost exclusively the 1,2-disubstituted regioisomer (isomer A) on hydrotelluration 37 (Scheme 10). The regioisomers can be separated by silica gel column chromatography. This is the less studied class of alkynes toward hydrotelluration. The limited number of examples studied to date are presented on Table 5 . 
Intramolecular Hydrotelluration
The hydrotellurating methods described in equations 1 and 2 and in Scheme 4 were used to prepare telluriumcontaining heterocycles by intramolecular hydrotelluration of alkynes. Depending on the structure of the starting alkynes, mixtures of endo-dig and exo-dig products (Scheme 11) are formed. In some cases the exclusive formation of one of the possible isomers was observed. The following heterocyclic systems were formed: 3-benzotellurepine (1) 14a , 1-benzotellurepine (2) 14b-d , tellurochromenes (3) 14b , benzotellurophenes (4 14e , 5 14f ), tellurophthalides (6) 14g , tellurochromones (7) 14h , iso-tellurochromenes (8) 14i,g , telluroindanes (9) 14i,j and benzotellurazepines (10) 14l (Scheme 12). . With practical methods to prepare vinylic tellurides in hands, we initiated investigations concerning the Te/Li exchange. It was found that the reaction is very fast and occurs at -78°C with retention of the double bond geometry.
Nowadays the Te/Li exchange reaction is well established as a synthetic method and a number of papers were published on this subject 12b-e . The tellurium precursors of the Z-vinyllithiums are the vinylbutyltellurides, introduced by us as source of Z-vinyllithiums in 1989, since the initially used Z-vinylaryltellurides 43 give mixtures of vinyl and aryllithiums as demonstrated by us in our original report 44 (Scheme 14).
This Te/Li exchange reaction is noteworthy since it represents the only method available to prepare Z vinyllithiums from alkynes by the sequence hydrometallation/ transmetallation. As commented in the introduction, the other methods give E-vinyllithiums. In addition, since lithium is the less electronegative metal among those with synthetic value, this method in principle constitutes a general route to access any Z-vinylorganometallic by reaction of the originally formed Z-vinyllithium and a salt of a metal more electronegative than lithium (Scheme 15).
Nothwithstanding the practical aspects of this indirect route to Z-vinylorganometallics, many other direct Te / metal exchange reactions were studied. Scheme 16 summarizes these findings. 
Tellurium / Metal Exchange Reaction of ZVinylic Tellurides
This is a unique reaction of vinylic tellurides. The other members of the chalcogen family only give the vinylorganometallic on reaction with alkyllithiums if an electronattracting group is present at the a position to the chalcogen. The reaction is very fast and it was reported for the first time in 1982 by Kauffmann 41 as an extension of the early observation by Seebach 42 that telluroketal gives 1-lithium-1-telluromethane on reaction with organolithiums (Scheme 13).
These results motivated us to explore the hydrotelluration and the Te/Li exchange reactions as synthetic tools.
As no general method for the stereoselective synthesis of vinylic tellurides was available, we undertook a systematic study on the methods to synthesize this class of tellurium compounds, and found that the hydrotelluration of alkynes is the most general and stereoselective method to access Among the Te/metal exchange reactions shown in Scheme 14, the direct transformation of vinylic tellurides into "higher order" Z-vinylcyanocuprates is the most synthetically useful in view of the versatility of these intermediates, which deserves comments 8 . The Te/Cu exchange reaction was described for the first time by our group and nowadays a number of transformations involving "higher order" Z-vinylcyanocuprates prepared by this method is known 12e,17,47 (Scheme 17).
Coupling Reactions of Z-Vinylic Tellurides
Besides the transmetallation reaction of Z-vinylic tellurides, the coupling of these intermediates with other organometallics are of synthetic value. The first of such coupling reactions to be developed was the coupling with cuprates. Lower order magnesium or lithium cyanocuprates couple with Z-vinylic tellurides in good yield and with retention of the double bond geometry 49 . Higher order magnesium cyanocuprates or mixed lithium-magnesium cyanocuprates react in the same way 50 (Scheme 18). Similar transformations involving Gilman cuprates 51 as well as organozinc compounds under palladium catalysis 52 were also reported.
Other coupling reaction, which give rise to Z-enyne and Z-enediyne skeletons involves the transformation of Zvinylic tellurides into a cuprate, followed by reaction with zinc chloride and then with haloalkynes 47d (Scheme 19).
The same systems can be obtained by coupling vinylic tellurides with alkynes 37, 53 or zinc acetylides 54 under palladium catalysis in the presence of an amine (Scheme 20).
Conclusion
The easy and highly stereoselective hydrotelluration of alkynes, coupled to the transformation of the resulting Z-vinylic tellurides into reactive metallic species make these reactions a valuable methodology for assembling highly unsaturated systems present in a number of natural products 55 . The synthesis of some biologically active compounds with this structural feature are underway in our group.
